In previous studies, several amino acids of the active site of class A ,6-lactamases have been modified by site-directed mutagenesis. On the basis of the catalytic mechanism proposed for the Streptomyces albus G ,J-lactamase [LamotteBrasseur, Dive, Dideberg, Charlier, Frere & Ghuysen (1991) Biochem. J. 279, 213-221], the influence that these mutations exert on the hydrogen-bonding network of the active site has been analysed by molecular mechanics. The results satisfactorily explain the effects of the mutations on the kinetic parameters of the enzyme's activity towards a set of substrates. The present study also shows that, upon binding a properly structured ,J-lactam compound, the impaired cavity of a mutant enzyme can readopt a functional hydrogen-bonding-network configuration.
INTRODUCTION
The serine ,-lactamases of classes A, C and D hydrolyse the ,-lactam antibiotics by an acylation-deacylation mechanism. Several fl-lactamases of class A have been studied by X-ray crystallography (Dideberg et al., 1987; Herzberg & Moult, 1987; Moews et al., 1990; Herzberg, 1991) . They have almost completely superimposable three-dimensional structures. Their active site is located at the junction between an all-a domain and an a/,/ domain which consists of a five-stranded f-sheet with additional helices on both faces (Ghuysen, 1991) .
The structure of the class A Streptomyces albus G ,J-lactamase has been resolved to 0.17 nm (1.7 A) and optimized by energy minimization (Dideberg et al., 1987; Lamotte-Brasseur et al., 1991) . The active site is a dense hydrogen-bonding network in which nine amino acids, namely S70, K73, S130, N132, E166, N170, K234, T235 and A237, and two water molecules, WI and W2, are involved. The S70VFK73 motif, where S70 is the nucleophilic serine residue, on a2 of the all-a domain, occupies a central position in the cavity; the E166PELN170 motif, on a loop between a6 and a8 of the all-a domain, is at the entrance of the cavity; the S130DN1 32 motif, between a4 and a5 of the alla domain, lies on one side of the cavity; the K234T235GA237 motif, on the innermost /33 strand of the a/fl domain, forms the other side.
On the basis of these structural data, molecular-mechanics studies have allowed us to propose a mechanism of proton abstraction-donation during hydrolysis of benzylpenicillin by the Streptomyces albus G /3-lactamase (Lamotte-Brasseur et al., 1991) . The same procedure has now been used to study the changes in the enzyme-ligand interactions resulting from changes in amino acids to which a role has been assigned in catalysis. As shown below, the rearrangements undergone by the active-site hydrogen-bonding network are compatible with the effects that these mutations have on the second order-rate constant for the acylation of the essential serine residue, characterized by the kcat./Km ratio.
MATERIALS AND METHODS
The active site of the Streptomyces albus G /,-lactamase, defined by all the amino acids and water molecules present 0 within a 1.5 nm (15 A) radius around S7OCa, was optimized by energy minimization (Lamotte-Brasseur et al., 1991) using the Amber molecular-mechanics V3 framework (Weiner et al., 1984 ated by a Monte Carlo bath (using the Amber procedure) and their co-ordinates were minimized together with the enzymemutant co-ordinates. The structures of benzylpenicillin, 6-aminopenicillanate (6-APA) and mecillinam, used as ligands, were optimized ( Fig. 1) by the AM I quantum-chemistry method (Dewar et al., 1985) . Each optimized molecule was docked in the cavity of the wild-type and mutant fi-lactamases. The ,-lactam carbonyl carbon C-i was placed close to the O-y of S70 and the oxygen atoms 0-3 and 0-4 of the carboxylate were oriented towards the bottom of the cavity, i.e. K234. The structures of the Michaelis complexes and, in one case, of the tetrahedral intermediate leading to enzyme acylation, were optimized as described for the wild-type enzyme, using CNDO charges on the ligand. The bond lengths, bond angles and ring dihedral angles of the fl-lactam ligands were constrained to the AM I values.
RESULTS
The atom numbering of the /,-lactam ligands is arbitrary (see Fig. 1 ). The amino acids numbering of the wild-type Streptomyces /I-lactamase and the enzyme mutants is that described by Ambler et al. (1991) .
Selected fl-lactamase mutants
The goal of the present study was to seek an answer to questions regarding the relationships between the alterations in the activity of the Streptomyces albus G fi-lactamase caused by single amino acid changes and the modifications that these amino acid changes induce in the configuration of the hydrogenbonding network of the enzyme cavity.
Benzylpenicillin binds to the active site of the wild-type /?-lactamase (Fig. 2) via formation of hydrogen bonds between: 0-3 of penicillin and the y-OH of SI 30; 0-4 of penicillin and the y-OH of T235; 0-I of penicillin and the backbone NH groups of S70 and A237; N2-H of penicillin and the backbone carbonyl group of A237; and 0-2 of penicillin and the side-chain NH2 Fig. 2 (Gibson et al., 1990) , whose assumed catalytic residues are conserved, except for T235, which is replaced by S235. The kcat./Km values (equivalent to the second-order rate constant of enzyme acylation) show that the S130A and K73R mutations and, to a still greater extent, the El 66D mutation, are profoundly detrimental, irrespective of the /J-lactam ligand used (benzylpenicillin or 6-APA). The Si 30G and Ni 32S mutations decrease selectively the enzyme activity towards 6-APA (to various extents, the S130G mutation being more deleterious than the Ni 32S mutation), but do not affect significantly the activity towards benzylpenicillin.
Wild-type f-lactamase Unlike benzylpenicillin, 6-APA and mecillinam have no exocyclic amide bond (Fig. 1) . Thereby binding of 6-APA and mecillinam to the wild-type /-lactamase active site generates Michaelis complexes that lack the bond N I32N8H. 0-2 (in the case of 6-APA) and bonds N132N8H ...O0-2 and N2-H---O=CA237 (in the case of mecillinam). Apart from the fact that these bonds are absent, the hydrogen-bonding networks have features comparable with those found in the Michaelis complex formed with benzylpenicillin ( Fig. 2 ; Table 1 , rows 1-4). Consistently, benzylpenicillin, 6-APA and mecillinam have almost identical substrate activity (kcat./Km 3000 mM-.
S130G andS130A enzyme mutants
In the wild-type enzyme, the S130C=O interacts via W2 with the side-chain carbonyl group ofN 132 (Fig. 2) , and the S 30OyOH is thought to be involved in proton back-donation. Hence the S130G and S130A mutations are expected to eliminate the Docking 6-APA in the cavity of both mutant enzymes leads to optimized structures in which the configuration of the protonabstractor machinery (Table 1 , rows 7 and 10) remains incompatible with any significant catalytic activity.
By contrast, docking benzylpenicillin in the active site of the S13OG mutant enzyme shows that, in the Michaelis complex, a strongly hydrogen-bonded S70OyH-+WlH-.Oe1E166 triad is reformed ( Fig. 3c; in the wild-type enzyme and has one of its hydrogen atoms oriented towards N-I of penicillin (Fig. 3d) . These induced configuration changes are probably able to restore a functional proton-abstraction-donation network, though its configuration differs, at least in part, from that of the wild-type fl-lactamase.
With reference to the wild-type enzyme, the S13OG mutant enzyme hydrolyses benzylpenicillin effectively, with a 6-folddecreased kcat./Km value.
Conversely, the presence of the additional methyl group in the S130A mutant results in a less efficient positioning of the W2 molecule, explaining an additional decrease of the rate of acylation by benzylpenicillin.
N132S mutant enzyme
Changing N132 is another way to perturb the S130C=O and formation of the serine-ester-linked acyl-enzyme). To test the mechanism, the effects of mutations affecting E166 and S130 (the proton abstractor and a residue involved in proton donation) and N132 and K73 (involved in the configuration of the Wl and W2 hydrogen bonding subnetworks) have been examined by optimizing the complexes formed by docking benzylpenicillin, 6-APA and sometimes mecillinam in the mutated-enzyme cavities. The observed changes induced in the hydrogen-bonding network by each of the mutations studied well explain, at least to a first approximation, the effects that these mutations have on the catalytic activity of the ,J-lactamase.
The present studies also show that,. owing to the high density of the hydrogen-bonding network, the enzyme cavity is a structure of high plasticity both structurally and mechanistically. Local modifications that cause the disappearance or weakening of any hydrogen bond may propagate its effects far from the mutated amino acid and modify the entire configuration of the cavity. A cavity, damaged by mutation, may regain functionality upon binding of a properly structured fl-lactam compound, either by readopting a hydrogen-bonding configuration comparable with that of the wild-type enzyme or by utilizing an alternate route of proton shuttle from El 66 to the nitrogen atom of the fl-lactam ring. To all appearances, however, an intact, strongly hydrogen-bonded S70y0H-+WlH-.O01E166 triad is essential to the catalytic mechanism.
Adaptation of the ,1-lactamases to the environmental conditions is well documented. ,?-Lactamases show hysteretic kinetics. A unique conformation is induced in the enzymes by each of several closely related ,-lactam substrates, and the enzymes can adjust to unfavourable modifications in the substrate (Samuni & Citri, 1979) .
